Epizootic haemorrhagic disease is a non-contagious infectious viral disease of wild and domestic ruminants caused by epizootic hemorrhagic disease virus (EHDV). EHDV belongs to the genus Orbivirus within the family Reoviridae and is transmitted by insects of the genus Culicoides. The impact of epizootic haemorrhagic disease is underscored by its designation as a notifiable disease by the Office International des Epizooties. The EHDV genome consists of 10 linear dsRNA segments (Seg1-Seg10). Until now, no reverse genetics system (RGS) has been developed to generate replication-competent EHDV entirely from cloned cDNA, hampering detailed functional analyses of EHDV biology. Here, we report the generation of viable EHDV entirely from cloned cDNAs. A replication-competent EHDV-2 (Ibaraki BK13 strain) virus incorporating a marker mutation was rescued by transfection of BHK-21 cells with expression plasmids and in vitro synthesized RNA transcripts. Using this RGS, two additional modified EHDV-2 viruses were also generated: one that contained a duplex concatemeric Seg9 gene and another that contained a duplex concatemeric Seg10 gene. The modified EHDV-2 with a duplex Seg9 gene was genetically stable during serial passage in BHK-21 cells. In contrast, the modified EHDV-2 with a duplex Seg10 gene was unstable during serial passage, but displayed enhanced replication kinetics in vitro when compared with the WT virus. This RGS provides a new platform for the investigation of EHDV replication, pathogenesis and novel EHDV vaccines.
INTRODUCTION
Epizootic haemorrhagic disease is a non-contagious infectious viral disease of wild and domestic ruminants caused by epizootic hemorrhagic disease virus (EHDV). EHDV is transmitted to ruminants by insects of the genus Culicoides (Savini et al., 2011) , and is mainly prevalent in North America, Asia, Africa and Australia. In recent years, outbreaks of epizootic haemorrhagic disease have also been reported in many Mediterranean countries (Savini et al., 2011; Temizel et al., 2009; Yadin et al., 2008) . Epizootic haemorrhagic disease is an economically important disease and is listed as a notifiable disease by the Office International des Epizooties.
EHDV belongs to the genus Orbivirus within the family Reoviridae. The genome of EHDV consists of 10 linear dsRNA genome segments (Seg1-Seg10). The EHDV genome encodes seven structural proteins (VP1-VP7) and three nonstructural proteins (NS1, NS2 and NS3/NS3a) (Anthony et al., 2009a, b, c) . Recent bioinformatic analyses suggest that a fourth non-structural protein (NS4) is encoded by Seg9 of orbiviruses. Whilst NS4 protein has been identified in bluetongue virus (BTV) and Great Island virus (Belhouchet et al., 2011; Firth, 2008; Ratinier et al., 2011) , a corresponding NS4 protein in EHDV has not been identified to date. There are currently seven identified EHDV serotypes (Anthony et al., 2009c) .
Reverse genetics systems (RGSs) allow for the generation of segmented and non-segmented RNA viruses entirely from cloned cDNA, thus allowing the genetic manipulation of RNA viruses and generation of WT or mutant viruses.
RGSs provide powerful experimental systems in which to explore the function of viral proteins and viral protein motifs both in vivo and in vitro. Unlike other RNA viruses, the construction of an RGS for members of the family Reoviridae has proven to be challenging. The first helper virus-independent RGS for a virus of the family Reoviridae was developed in 2007 using a 10 plasmid system for Mammalian orthoreovirus (MRV) (Kobayashi et al., 2007) . To date, only two other family Reoviridae members have established helper virus-free RGSs, BTV (Boyce et al., 2008) and African horse sickness virus (AHSV) (Kaname et al., 2013) , which both belong to the genus Orbivirus. In contrast to the RGS established for MRV, the BTV and AHSV systems rely upon in vitro synthesis of RNA transcripts from cloned cDNAs corresponding to viral genomic segments. Whilst rotaviruses are the most medically important members of the family Reoviridae, no helper virus-independent, plasmid (cDNA)-or RNAonly-based RGS has yet been established for these viruses (Desselberger, 2014) .
Although RGSs for BTV and AHSV have already been established, the generation of an RGS for EHDV, which also belongs to the genus Orbivirus, has not been reported. In this study, the RGS approach used for BTV and AHSV was applied to EHDV. Using the EHDV RGS, the capacity of the EHDV genome to accommodate additional genetic information was assessed by producing two modified viruses: one that contained a duplex concatemeric Seg9 gene and another that contained a duplex concatemeric Seg10 gene.
RESULTS

Synthesis of EHDV transcripts from T7 plasmid clones
Capped T7 transcripts were transcribed from a series of digested T7 plasmid clones containing the 10 genomic segments of EHDV as described for BTV transcripts (Boyce et al., 2008) . Each transcript migrated with the expected size when electrophoresed on a 1.5% denaturing agarose gel (Fig. 1 ).
Recovery and characterization of EHDV with an introduced marker mutation in Seg2
To generate a recombinant EHDV containing a molecular marker (rBK13stu; Fig. 2a ), a Stu I site was introduced into the Seg2 T7 plasmid clone without altering the encoded amino acid sequence. BHK-21 cells were first transfected with the six mammalian expression plasmids, coding VP1, VP3, VP4, VP6, NS1 and NS2, followed by a second transfection 18 h later with Seg2 T7 transcripts containing the introduced Stu I site and T7 transcripts corresponding to the other nine EHDV genomic segments as previously described by Kaname et al. (2013) . At 72 h after the second transfection, EHDV plaques were clearly observed on transfected cells. Isolated plaques were picked and amplified. The rescued virus particles were visualized by electron microscopy (Fig. 2b ). Cells infected with the rescued virus were analysed by indirect immunofluorescence using NS3-reactive mouse antiserum. Cells infected with the rescued EHDV virus containing a marker mutation displayed similar patterns of NS3 expression when compared with cells infected with the Ibaraki BK13 strain of EHDV-2 (Fig. 2c) . The electrophoretic pattern of dsRNA of the rescued virus was indistinguishable from the pattern seen with BK13 dsRNA (data not shown). These results show that infectious EHDV was rescued using the EHDV RGS.
A portion of the Seg2 RNA from rescued virus was amplified by reverse transcription (RT)-PCR and digested with Stu I to confirm the presence of the Stu I cut-site introduced by mutation of nt 1682 and 1685 (Fig. 2a) . Stu I digestion of the amplified Seg2 segment from the rescued virus resulted in two bands of expected size, whereas Stu I digestion of the amplified portion of Seg2 from BK13 remained uncut (Fig. 2d) . Sequencing results further confirmed that the Stu I restriction site was introduced into Seg2 of the recovered recombinant EHDV (rBK13stu) (data not shown).
Recovery and characterization of EHDV containing duplex concatemeric Seg9 or Seg10
To generate recombinant EHDVs containing duplex concatemeric Seg9 (rBK13dupS9; Fig. 3a ) or duplex concatemeric Seg10 (rBK13dupS10; Fig. 3b ), modified versions of both the Seg9 and Seg10 T7 plasmid clones were constructed. These plasmids incorporated two cDNA copies of either genomic Seg9 or Seg10 in tandem. Cells were transfected as described above with expression plasmids followed by nine WT T7 transcripts and the duplex Seg9 or Seg10 T7 transcripts. Clear EHDV plaques were observed on transfected cells when either the duplex Seg9 or Seg10 T7 transcript was used. Isolated plaques from both the rBK13dupS9 and rBK13dupS10 viruses were amplified. Rescued virus particles were visualized by electron microscopy. No differences were observed when comparing virus generated using duplex concatemeric Seg9 or Seg10 to WT EHDV particles by electron microscopy (data not shown).
The dsRNA of rescued viruses was extracted and electrophoresed on a non-denaturing 6 % SDS-polyacrylamide gel. As expected, the rBK13dupS10 rescued virus displayed a segment corresponding to the anticipated size of duplex Seg10 and lacked a segment corresponding to WT Seg10 (Fig. 3c , compare lanes 1 and 3). Similarly, RNA extracted from the rBK13dupS9 virus yielded a band corresponding to the expected size of duplex Seg9 and a corresponding loss of the WT Seg9 band (Fig. 3d , compare lanes 1 and 2).
Full-length cDNA copies of duplex concatemeric Seg9 and Seg10 from rescued viruses were synthesized using the full-length amplification of cDNAs (FLAC) method as described by Maan et al. (2007) and PCR was performed subsequently. Each purified PCR product was digested with a restriction enzyme which was expected to generate three fragments of different sizes. Amplified concatemeric Seg9 was digested with Bsa I and amplified concatemeric Seg10 was digested with Aar I. Sequencing of the digested fragments showed that the duplex concatemeric sequences of rescued viruses were identical to the designed sequences (data not shown). These data showed that EHDVs containing duplex concatemeric Seg9 (rBK13dupS9) or Seg10 (rBK13dupS10) were rescued successfully.
The stability of rescued recombinant viruses possessing duplex concatemeric Seg9 or Seg10 genomic segments was assessed during serial passage in BHK-21 cells. After three passages of the rBK13dup10 virus, a faint band corresponding to the size of monomeric Seg10 emerged (Fig. 3c, lane 2) . After five passages, there was a further reduction in the intensity of the band corresponding to the duplex concatemeric Seg10 with a concomitant increase in the intensity of the band corresponding to monomeric Seg10 (Fig. 3c, lane 4) . These data demonstrated that whilst the rBK13dupS10 virus with duplex concatemeric Seg10 could be rescued by reverse genetics, this virus was unstable during propagation in BHK-21 cells. Full-length cDNA copies of the emergent band corresponding to the size of monomeric Seg10 of rBK13dupS10 were synthesized using FLAC. Sequencing results showed that the duplex Seg10 had reverted to a monomeric form and did not have any changes to the nucleotide sequence. In contrast, the rBK13dupS9 virus was genetically stable, as no changes in the banding pattern of viral RNA were detected after 10 passages of the rBK13dupS9 virus (Fig. 3d, lane 3) . The sequencing results showed that after 10 passages the duplex Seg9 sequence of the rBK13dupS9 was identical to the designed sequences (data not shown). (c) Analysis of genomic dsRNA of WT and recombinant EHDV rBK13dupS10. Viral RNA was extracted and run on a 6 % non-denaturing polyacrylamide gel. Lanes 1 and 2, dsRNA from rBK13dupS10 after one and three passages, respectively; lane 3, dsRNA of WT EHDV-2 BK13; lane 4, dsRNA from rBK13dupS10 after five passages. (d) Analysis of genomic dsRNA of WT and recombinant EHDV rBK13dupS9. Lane 1, dsRNA from WT EHDV-2 BK13; lanes 2 and 3, dsRNA from rBK13dupS9 after one and 10 passages respectively.
Development of an RGS for EHDV
The rBK13stu virus generated using the RGS displayed replication kinetics comparable to WT BK13 virus (Fig. 4) . In contrast, the rBK13dupS10 virus replicated to higher titres than WT BK13, despite being shown to have low genetic stability during serial passage. rBK13dupS10 reached a peak titre of 10 7.6 TCID 50 ml 21 at 48 h post-infection, whilst the peak titre of WT BK13 was 10 7 TCID 50 ml 21 at the same time point (Fig. 4) . rBK13dupS9 achieved lower titres than WT BK13 at each time point, with a peak titre of 10 6.5 TCID 50 ml 21 at 60 h post-infection (Fig. 4) .
DISCUSSION
This paper describes the generation of an RGS for EHDV. In contrast to many other RNA viruses, the development of RGSs for members of the family Reoviridae has proven to be challenging. To date, only three helper virus-free RGSs have been established for members of the family Reoviridae, including MRV, BTV and AHSV (Boyce et al., 2008; Kaname et al., 2013; Kobayashi et al., 2007) . For the MRV RGS, viable particles were rescued using 10 cDNAencoding plasmids. The RGSs for BTV and AHSV, which both belong to the genus Orbivirus, generated viable viruses using in vitro synthesized RNA transcripts from 10 cDNA clones.
It has been reported that two sets of transfections can greatly enhance virus recovery in the RNA-based RGSs established for BTV (Matsuo & Roy, 2009 ) and AHSV (Kaname et al., 2013) . The first transfection delivers coding material for the primary replication complex, which consists of four structural proteins (VP1, VP3, VP4 and VP6) and two non-structural proteins (NS1 and NS2). Provision of these proteins dramatically improves the efficiency of virus rescue. It has been demonstrated that a common biphasic replication mechanism is shared by members of the genus Orbivirus (Kaname et al., 2013) . In the present study, this approach was adopted to develop an RGS for EHDV, which also belongs to the genus Orbivirus.
Gene rearrangement represents an important evolutionary mechanism amongst the members of the family Reoviridae. Gene rearrangement usually consists of a partial or full head-to-tail duplication of a segment sequence. Sometimes rearrangements also involve sequence deletions. Gene rearrangements in orbivirus genomic segments were first reported by Eaton & Gould (1987) . To date, orbiviruses containing gene rearrangements involving Seg9 and Seg10 have been identified for BTV, EHDV and Palyam virus (Anthony et al., 2011; Eaton & Gould, 1987) .
EHDV gene rearrangements have been detected in Seg9 and exist as a duplex concatemer (Anthony et al., 2011) or deletion (Eaton & Gould, 1987) . The identification of an Australian isolate of EHDV-5 (AUS1977/01) that contains two fulllength copies of the Seg9 sequence arranged in tandem in a 'head-to-tail/head-to-tail' pattern was reported by Anthony et al. (2011) . Further studies demonstrated that the concatemeric Seg9 gene was genetically stable and no changes of the sequence were generated during multiple passages in BHK-21 cells. It has also been reported that a strain of Palyam virus containing a concatemeric Seg9 sequence has been isolated by plaque purification from the original strain containing both concatemeric and monomeric Seg9 (Eaton & Gould, 1987) . This research showed that passage of the original strain resulted in the disappearance of monomeric Seg9 (Eaton & Gould, 1987) . These data suggest that concatemeric Seg9 may be genetically stable in members of the genus Orbivirus. Here, recombinant EHDV-2 that contains duplex concatemeric Seg9 (rBK13dupS9) was produced using reverse genetics. This virus was genetically stable during serial passage in BHK-21 cells. Recombinant EHDV-2 that contains duplex concatemeric Seg10 (rBK13dupS10) was also produced using reverse genetics, as a strain of BTV containing concatemeric Seg10 sequence has been isolated previously (Eaton & Gould, 1987) . Viruses incorporating the duplex Seg10 sequence were not stable and converted to a monomeric Seg10 during serial passage in BHK-21 cells. Additional studies are needed to define the mechanisms by which gene rearrangements are formed and maintained or lost amongst the genus Orbivirus. The replication kinetics of recombinant BK13 viruses incorporating either a duplex Seg9 or duplex Seg10 were assessed. The rBK13dupS9 virus containing a duplex Seg9 sequence produced a lower titre than that of WT BK13. In contrast, the rBK13dupS10 virus containing a duplex Seg10 sequence replicated to higher titres than WT BK13. These data highlight that the impact of duplicative gene rearrangements in EHDV can lead to vastly different replicative phenotypes. The basis for these differences needs to be studied further.
It has been reported that recombinant rotaviruses ( T. Yang and others expressing exogenous polypeptides were recovered by the terminal-duplication strategy. Furthermore, the insertion of foreign sequences into the sequence of Seg9 has been extensively described for BTV (Matsuo & Roy, 2009; Matsuo et al., 2011 Matsuo et al., , 2014 . These strategies for introducing heterologous sequences into the genome of viruses within the family Reoviridae suggest that Seg9 may be a potential target for genetic manipulation to generate genetically stable recombinant EHDV expressing exogenous polypeptides.
In conclusion, to the best of our knowledge, this study is the first to report an RGS for EHDV. An EHDV RGS will serve as a platform for the development of novel EHDV vaccines, and enable studies aimed at elucidating the molecular details of EHDV replication and pathogenesis.
METHODS
Cell lines and viruses. BHK-21 cells were propagated in Dulbecco's modified Eagle's medium (HyClone) supplemented with penicillin (100 IU ml 21 ), streptomycin (100 mg ml 21 ) and 10 % FBS (Hyclone) at 37 uC and 5 % CO 2 . The Ibaraki BK13 strain of EHDV-2 (BK13) was kindly provided by Dr Goto Yoshiyuki (National Institute of Animal Health, Tsukuba, Ibaraki, Japan). BK13 was plaque-purified three times and then passaged twice in BHK-21 cells prior to sequencing.
FLAC and sequencing. To obtain the full genomic sequence of BK13, full-length cDNA copies of each genomic segment were synthesized using FLAC as described by Maan et al. (2007) . Each of the 10 genomic segments was cloned and sequenced following PCR amplification.
Plasmid construction. Ten T7 plasmid clones (pSeg12pSeg10) used to produce EHDV RNA transcripts for the RGS were constructed as described by Boyce et al. (2008) . Additionally, a mutated version of the BK13 Seg2 clone (pSeg2Stu) which incorporated a Stu I site, as well as a modified BK13 Seg9 clone (pSeg9dup) containing duplex concatemeric Seg9 and a modified BK13 Seg10 clone (pSeg10dup) containing duplex concatemeric Seg10, were also constructed.
For construction of pSeg2Stu, pSeg2 was altered to introduce an additional Stu I site using primers Seg2-mt-stu-F (59-GAGATTACG-CAAGGTAAGAGGCCTGATCCTTGGACCCAAAAAAC-39) and Seg2-mt-stu-R (59-AAGGGTCCAAGGATCAGGCCTCTTACCTTGCGTA-ATCTCTACCC-39) by the method of Weiner et al. (1994) . The mutated bases are indicated by bold type and the restriction sites are underlined. For construction of pSeg9dup, PCR products of Seg9 that were amplified using primers Seg9dupF (59-GTTAAAAATTGCGCATG-39) and Seg9dupR (59-GTAAGTTTTAAATCGCGC-39) were inserted into pSeg9, which was dephosphorylated following digestion with Sna BI. For construction of pSeg10dup, PCR products of Seg10 that were amplified using primers Seg10dupF (59-GTTAAAAAGAGATCG-GTAC-39) and Seg10dupR (59-GTAAGTGTGTCGAGATCG-39) were inserted into pSeg10, which was digested with Sna BI enzyme and dephosphorylated. Each resultant plasmid was confirmed by sequencing. Primers for RT-PCR amplification and sequencing of the mutated Seg2 sequence containing the introduced Stu I site were Seg2-1572F (59-GATGAAGCGGGTTTCCTGAG-39) and Seg2-2287R (59-TCATT-CTTCTCCACCTCTTG-39).
Six mammalian expression plasmids were constructed to facilitate expression of EHDV VP1 (pCI-EHDV2VP1), VP3 (pCI-EHDV2VP3), VP4 (pCI-EHDV2VP4), VP6 (pCI-EHDV2VP6), NS1 (pCI-EHDV2NS1) and NS2 (pCI-EHDV2NS2) proteins following transfection of cells. The coding sequence for each BK13 protein was independently PCRamplified and inserted into the pCI-neo mammalian expression vector (Promega). All plasmid inserts were verified by sequencing.
Synthesis of EHDV transcripts from T7 plasmid clones. Synthesis of capped EHDV transcripts was performed as described by Boyce et al. (2008) . In brief, capped T7 transcripts were synthesized from the digested T7 plasmid clones using an mMESSAGE mMACHINE T7 Ultra kit (Ambion) according to the manufacturer's procedures. Purified T7 transcripts were analysed by electrophoresis on a 1.5 % agarose gel in MOPS electrophoresis buffer in the presence of formaldehyde using standard techniques.
Transfection of cultured cells to recover EHDV. Monolayers of BHK-21 cells in 12-well plates were first transfected with the six mammalian expression plasmids, coding VP1, VP3, VP4, VP6, NS1 and NS2, followed by a second transfection with 10 EHDV T7 transcripts as described by Kaname et al. (2013) . At 6 h after the second transfection, the culture medium was replaced with an overlay of 1.5 ml of minimum essential medium (MEM) supplemented with penicillin (100 IU ml 21 ), streptomycin (100 mg ml
21
), 2 % FBS and 1.5 % (w/v) agarose II (Amresco). The plate was then incubated at 37 uC in a humidified incubator with 5 % CO 2 for 72296 h to allow plaques to appear. Isolated plaques were picked for virus amplification in BHK-21 cells.
Virus growth curves on BHK-21 cells. Cell monolayers seeded in wells of a six-well plate were infected with the indicated virus at m.o.i. 0.1. After 2 h incubation at 37 uC to allow viral attachment, the inoculum was removed and cells washed with PBS. Am aliquot of 3 ml MEM supplemented with penicillin (100 IU ml 21 ), streptomycin (100 mg ml 21 ) and 2 % FBS was then added to each well. At 12, 24, 36, 48, 60, 72 and 84 h post-infection, supernatants and cells were harvested and sonicated to release the virus from attached and detached cells. The samples were clarified by centrifugation for 5 min at 4000 g. Virus in supernatants was titrated using end-point dilution assays.
Indirect immunofluorescence. BHK-21 cell monolayers seeded in wells of a 96-well plate were infected with virus at m.o.i. 0.1. At 36 h post-infection, cells were fixed with 90 % (v/v) ethyl alcohol in distilled water for 30 min at 4 uC. Fixed cells were then incubated with NS3-reactive murine antiserum at 37 uC for 1 h, followed by FITC-conjugated goat anti-mouse IgG (Sigma) at 37 uC for 1 h. Cells were viewed and images captured using a fluorescence microscope (Leica).
